Two recurrent topics among the scientific community are the use of microalgae in wastewater treatment plants as a biological agent for nutrient removal, and, more recently, the use of microalgae for biofuel production. In this study we have analysed the possibility of coupling these two processes, using microalgae that naturally form biofilms on wastewater treatment tanks to produce methane. The proposal is to develop a low cost, environmental friendly methodology, with the economical and environmental advantages of enhancing the removal of nutrients from wastewater, and producing sustainable biofuel. A methane assay using microalgae biofilms from the primary and secondary treatment tanks from a wastewater treatment plant (WWTP) on the Canary Islands (EDAR-del Sureste, Gran Canaria, Spain) showed that, when this substrate is added to a suitable methanogenic bacteria, in this case marine sludge from a fish farm, it gives a methane yield of 0.104 Nm 3 kg -1 VS. We also checked the in situ biomass yield of the biofilm (3.16 g AFDW m -2 d -1 and 7.71 g AFDW m -2 d -1 , for the primary tank and secondary tank respectively), and the growth of this biofilms in photobioreactors (PBR). When grown in PBR, the algae composition of biofilm from the primary tank becomes dominate by a unicellular chlorophyta and produces 0.24 kg AFDW m -3 d -1 of biomass; while biofilm from the secondary tank becomes dominated by the filamentous chlorophyta Stigeoclonium, and has a biomass yield of 0.48 kg AFDW m -3 d -1 . The biofilms growing the WWTP of the EDAR del Sureste, in Gran Canaria, are a free naturally available source of biomass, and we have shown in this study that this biofilm, besides being used as a natural agent for nutrient removal in a WWTP, it has also the potential of being used as a low cost, green source of biomass for methane production.
INTRODUCTION
The rapid increase in the human population in the last century, and the continuous increase of the global demand for energy since the industrial revolution combined with the use of fossil fuels have caused a series of environmental problems (climate change, green house effect, pollution and depletion of water resources), which the human race has now to face and find appropriate solutions. Finding solutions that could tackle more than one environmental problem at the time would be highly attractive, both at the environmental as at the economical point of view.
Eventually, the use of fossil fuels will have to be substituted by renewable, carbon-neutral sources of biofuel. However, the first generation of biofuels produced from plant sugars (ethanol) and lipids (biodiesel) have comparatively bad energy balance, besides displacing agricultural land before designated to food crops [1, 2] . The use of microalgae (which has the potential of fast growth and be cultivated on non-arable areas or directly in water bodies) for biofuel production (by the conversion of the whole plant, as done for the second generation biofuels) is far more promising [1, 2, 3, 4] .
Integrated approaches, i.e., the production of algal biomass with more than one purpose, increase the economic value of this commodity. Two of the most prominent niches are its use for wastewater treatment and biofuel production [5] . Microalgae enhance the removal of nutrients, organic contaminants, heavy metals, and pathogens from wastewater, at the same time they furnish an interesting raw material for the production of high-value chemicals or biofuel [6] .
Therefore, the objectives of this study were to analyse the possibility of using microalgae biofilms that naturally grow on wastewater treatment tanks to produce methane, coupling the use of this algae as nutrient removal agent to the production of a low cost, sustainable biofuel. Besides studying the possibility of directly using the algal biofilm from the treatments tanks, we also studied the possibility of growing these algae in PBR, the growth rate, and what species would dominate the community under these conditions.
MATERIALS AND METHODS

Sampling of the algal material
The algal materials used in the methane production tests were biofilms that naturally grow on the wall of the tanks of a wastewater treatment plant (WWTP). The WWTP was the EDAR (Estacion de Depuracion de Agua Residual) del Sureste, Mancomunidad Intermunicipal del Sureste de Gran Canaria, managed by Acciona Agua, and the algal biofilm was collected from the primary (from now onwards refereed to as T1 -tank 1) and secondary (T2) treatment tank. These tanks have an inside wall (71 and 78 cm inwards from the external wall, respectively), with an upper part, where wastewater is always running over, of 33 and 29 cm respectively. The biofilm grows, and was collected from this upper part of the inside wall from both T1 and T2. Samples were collected with a shovel, passed through a net (50 µm mesh-size) and put on sampling bottles.
After sampling, the algal material was brought to the laboratory at the Marine Biotechnology Centre (ULPGC), where samples were taken for algal isolation, for inoculation on photobioreactors (PBR), and to measure dry weight (ash-free dry weight -AFDW) of the material. The remaining biomass was frozen to be used in methane production test.
Isolation and identification of algal material
The initial isolation of the algal biofilm was done at the Botanical Institute at University of Cologne. The samples from T1 were first separated by colour (two distinct colours were observed in the biofilm: red and green). Biofilm grown on T2 presented visually only a green coloration. Standard isolation techniques were then applied (e.g. dilution, low-intensity ultrasonication, inoculation in six different culture mediums). Algal identification was made by microscopic observation using an inverted microscope. Identification was made up to genus level, whenever it was possible.
Growth of the Biofilms in Photobioreactors
An inoculum of the samples from T1 and T2 was taken to grow the algae in photobioreactors (PBR) of 1.5 l, vertically arranged, under direct sunlight. Besides the possibility of directly using the algal biofilm that naturally grows on the treatments tanks, we wanted to study the possibility of growing these algae in PBR, the growth rate, and what species would dominate the community under these conditions.
Five different treatments were applied:
• 1. Biofilm from T1 grown with culture medium: the algae were inoculated in four 1.5 litre PBR, containing 1.3 l of fresh-water MBA 1 medium [7] . The algae were grown under directly sunlight and natural conditions in a green house with no roof at the Marine Biotechnology Centre, ULPGC, in the Canary Islands.
• 2. Biofilm from T2 grown with culture medium: algae from T2 grown at the same conditions as above.
• 3. Biofilm from T1 grown with water collected from the primary treatment tank: we inoculated the algae from the biofilm grown in T1 with water collected directly from T1, after a previous treatment to reduce turbidity (1. decantation by gravity, 2. treatment with Ca(OH) 2 and decantation, 3. flocculation with FeCl 3 , and 4. correction of pH).
• 4. Biofilm from T1 grown with water collected from the secondary treatment tank: we inoculated the algae from the biofilm grown in T1 with the water from T2. No treatment was necessary here, since this water had low turbidity (13.01 NTU, average turbidity value for this tank; data EDAR del Sureste, Acciona Agua).
• 5. Biofilm from T2 grown with water collected from the secondary treatment tank: we inoculated the algae from the biofilm grown in T2 with water collected directly from T2.
We followed the algal growth in these PBR by monitoring fresh weight (FW) or optic density (OD), depending on the algae present. Fresh weight was measured by harvesting total culture biomass with a 20 µm mesh-size net, weighting the biomass, and returning it to the culture medium. Optical density was measured in a spectrometer at 680 nm, diluting it when necessary so the values would range between 0,2 and 0,8. The values of FW and OD were converted to dry weight (ash-free dry weight, AFDW). The growth rate and biomass yield of each treatment was calculated.
The algae from the two first treatments are, up to now, being kept growing in PBR in order to collect biomass to perform a methane potential assay with the algae that dominated the community in the PBRs.
Methane potential bioassays
Methane potential bioassays were carried using the Automated Methane Potential Test System (AMPTS), developed by Bioprocess Control AB (BPC), Sweden. The AMPTS makes on-line measurements of bio-methane flows of any biological degradable substrate (both solid and liquid form) at the laboratory scale, and consists of a water-bath with controlled temperature, and 15 bottles were the biodigestion occurs, of 15 CO 2 -fixing bottles (one for each digestion bottle), and of a volume measuring device connected to each digestion bottle, which makes on-line measurements. The AMPTS follows the same measuring principles as conventional methane potential tests, making the results comparable with standard methods. Methane released from the digestion bottles is analyzed using a wet gas-flow measuring device with a multi-flow cell arrangement (15 cells, one for each bottle). This measuring device works according to the principle of liquid displacement and can monitor an ultra low gas flow, where a digital pulse is generated when a defined volume of gas flows through the device. It only registers methane flow, since several gas fractions, such as CO2 and H2S, are removed by the alkali solution in the CO 2 -fixing bottles. A data acquisition system is used together with the flow cells in order to record, display and calculate data [8] .
The assays were conducted by mixing, separately, the algal biofilm from T1 and T2 with cow manure, in duplicate bottles. The cow manure received the following previous treatment: it was pasteurized (70ºC for 2 hours in order to eliminate non-methanogenic bacteria), then these bacteria substrate was left for 20 days at room temperature and vented from time to time to release the gases that these bacterial substrates were still producing gases (from the original nutrients that it contained). After this conditioning, this substrate has been used every since in methane potential bioassays. Controls were made by adding only bacterial substrate (cow manure) to the digestion bottles.
Furthermore, the algal biofilm from T1 was also mixed with sludge from a marine fish farm, previously treated in the same way as the cow manure (i.e., pasteurized at 70ºC for 2 hours, left 20 days, and used every since in methane potential bioassays). Another methane bioassay where the algal biofilm from T2 will also be mixed with the marine sludge is scheduled. Also, a control was made were only marine sludge bacteria were added to the digestion bottles.
The results of the MP bioassay are expressed in Nm 3 of methane per kg of volatile solids (VS) (Nm 3 kg -1 VS). Nm 3 means that the volume of methane (m 3 ) produced was normalized by standard temperature and pressure. VS is exactly the same thing as the ash-free dry weight (AFDW), i.e., is the dry weight minus the inorganic part. All our biomass values (of fresh weight or optical density) where transformed to AFDW, i.e., VS. We chose to use the VS nomenclature and express our values in Nm 3 kg -1 VS because this is the most common unity found in the literature to express methane potential. For comparisons, values expressed in Nm 3 kg -1 VS can also be expressed in Nlitres g -1 VS, since it is a direct conversion.
pH was measured at the beginning and at the end of the assays, which lasted for 30 days. Also salinity was measured in the bottles, since we added marine sludge bacteria. This was made to check for possible inhibiting factors.
Biomass yield and methane potential of the biofilms from the treatment tanks
After the initial biomass sampling at the WWTP, two more samplings were conducted to measure and calculate the biomass yield of the tank, and the methane potential of the tanks.
To measure the biomass yield of the tanks, an area of 957 cm 2 (33 x 29 cm), and 928 cm 2 (32 x 29 cm) was collected from T1 and T2, respectively, on two occasions. The same area was collected in each occasion, with an interval of 7 days between each sampling, and thus, the increase in the biofilm biomass could be measured. The FW biomass was measured, and the values converted to dry weight (AFDW), given the biomass yield (in g AFDW m -2 d -1 ).
With the area of the internal wall of the tank (the upper part, where we collected the biofilm), we calculate the biomass yield per day of each tank (in g AFDW d -1 ). With these data and with the data from the methane production tests, we calculated the methane potential of the tank.
RESULTS AND DISCUSSION
Algal taxonomic identification and isolation
The taxonomic identification showed that the algae present in the two initial fractions of T1 (separated visually based on the colours) were basically the same. Thus, the results are presented as a unique set for T1. The main difference between the two initial samples was that the algae present in the red fraction was constituted by aggregates of filaments (mostly cyanobacteria) that broke during the isolation process, and that were very difficult to identify due to size (specially of unicellular algae) and because of the high amounts of bacteria present, indicating that this fraction was degrading. Biofilm from T2 was always treated as a unique sample.
Primary treatment tank (T1)
The algal biofilm growing on the primary treatment tank was dominated by filamentous cyanobacteria. Unicellular cyanobacteria and chlorophyta were also present, but were less abundant. The algae present were as follows:
-Oscillatoriales (filamentous): Oscillatoria, Leptolyngbya, Phormydium, Limnothrix -Chroococcales (unicellular): Synechococcus, Chroococcus • Chlorophyta:
-Chlamydomonadales: Chlamydomonas -Chlorellales: Chlorella, Oocystis -Sphaeropleales: Scenedesmus
Secondary treatment tank
The filamentous chlorophyta Stigeoclonium dominated the biofilm on the secondary tank, which gave the green colour that could be observed visually. It was also observed the presence of filamentous and unicellular cyanobacteria, unicellular chlorophyta, and also some diatoms (Bacillariophyta), but in less quantity. The algae present were as follows:
• Cyanobacteria: -Oscillatoriales (filamentous): Oscillatoria -Chroococcales (unicellular)
Algal isolation
The first attempts to isolate the algae were mostly unsuccessful due to the high quantities of bacteria present, which took over the algae when in culture. Some cultures with isolated Stigeoclonium were successful, and are in the process of increasing biomass for further purification. Further attempts to isolate the algae will be conducted. After the algae have been isolated, and enough biomass has been acquired, we intend to test each isolate for its methane potential. In this way, we could estimate the percentage with which each of the algae present were contributing for the production of methane from the biofilm. Furthermore, the algae with the highest potential will be grown in PBR to increase the production of its biomass, and to be used in further tests.
Growth of the algal biofilms in photobioreactors (PBR)
From the five treatments used (see M&M), the algae only grew in the treatments were culture medium was added (i.e., Biofilm T1 + medium and Biofilm T2 + medium) (see Figure 1) . The growth of the biofilm in the PBR for these two treatments was as follows:
The growth of the biofilm from T1 in culture medium was divided in two phases: first, the culture was dominated by filamentous cyanonacteria, as it occurred in situ in the primary wastewater treatment tank; afterwards, in a second phase, unicellular Chlorophyta (Scenedesmus and Chlorella) dominated the culture. The growth curve for these two different phases is shown in Figure 1 , and growth rate, and biomass yield are shown on Table 1 . For the first phase, the growth was monitored by measuring fresh weight, and the growth of second phase, which was dominated by unicellular algae, was monitored by optical density.
Biofilm T2 + medium:
Filamentous Chlorophyta (Stigeoclonium) dominated the algal community in the PBR inoculated with the biofilm from T2, as it did in the treatment tank. Its growth curve is shown in Figure 1 , and the growth rate, and biomass yield is shown on Table 1 .
Figure 1. Growth curve for the treatments Biofilm T1 + medium (phase 1 (o) and phase 2 ( )), and for Biofilm T2 + medium ( ). The curve of Biofilm T1 + medium phase 1 and Biofilm T2 + medium is showed in log scale for the ln g of fresh weight per litre; and for Biofilm T1 + medium phase 2 the curve is showed in log scale for the ln of the optical density per litre.
In the treatments were water from the treatments tanks was added to the algae (i.e., Biofilm T1 + water T1, Biofilm T1 + water T2, Biofilm T2 + water T2), the culture maintained itself for about 7 days in stationary phase, and start to decrease in biomass (see Figure 2) . Even during these 7 days, microscopic observations showed that most of the cells of the culture did not have chlorophyll a anymore and were dying.
Figure 2. Growth curve (in g of fresh weight per litre) of the algae for the treatments were water from the treatments tanks were added (i.e., Biofilm T1 + water T1, Biofilm T1 + water T2, Biofilm T2 + water T2).
The algae could not grow in these waters probably due to the lack of available nutrient (data not shown, since inorganic nutrient analysis is not one of the parameters analysed at the WWTP). The growth of the algae in the treatments were culture medium (with nutrients) was added, support the hypothesis that the lack of nutrient limited the growth of the algae grown directly with water from the treatments tanks. The fact that the biofilm, both in T1 as in T2 naturally grows in the tanks, only with the water from the tanks can be explained by the fact that, in the tanks, wastewater is constantly running over the tank wall, where the biofilm grows, bringing, therefore, constantly new load of nutrient, which can, in this case, support algal growth.
Since both resources were available for free use (both the algal biofilm and the water from the tanks) we wanted to test if we could use both to produce algal biomass, with the minimum resource input, and which could be used for biogas production. However, as shown, the growth of the algae with wastewater in PBR was not viable. But, nevertheless, we still could grow the algae with MBA culture medium, under directly sun light. MBA culture medium is a very cheap medium, made with commercially available fertilizer as source of NO 3 and PO 4 , and which requires no vitamin addition, thus making the growth of these algae still economically viable. Furthermore, the biomass yield obtained from these cultures when grown in the PBR with medium was very high (see Table 1 ). An average annual productivity of microalgae biomass in a tropical region can be around 1.5 kg m -3 d -1 of fresh weight [9, 10] . The Biofilm from T1 + medium (1 st phase) gave a biomass yield of 1.78 kg m -3 d -1 (fresh weight), and the Biofilm from T2 + medium, a biomass yield of 2.65 kg m -3 d -1 (fresh weight), almost 2x higher than the average microalgae productivity for tropical regions. The biomass of Biofilm from T1 + medium (2 nd phase) is not expressed in fresh weight, since its growth was measured by optical density. The biomass yield of all three treatments is expressed in standard ash-free dry weight in Table 1 . Nevertheless T1 + medium (2 nd phase) has a biomass yield (in dry weight) even higher than during the first phase. However, the growth of the unicellular microalgae that dominated during the second phase might not be so economically viable, since more expensive harvesting techniques (such as centrifugation) have to be applied to collect the algal material. Thus, the growth of the filamentous algae that dominated the Biofilm from T1 + medium (1 st phase) and Biofilm from T2 + medium treatments, both of which gave a high biomass yield might be the better options. We should notice that the biomass yield, which is given per litre per day, is variable, since the growth of the algae is not linear (it follows the standard growth curve with a lag, an exponential, stationary, and senescent phase). Thus, depending on when the biomass is harvested the biomass yield can be different. The values presented here are the average biomass yield for exponential phase and intervals between 2 and 5 days. A constant data to estimate biomass is the growth rate, which is always calculated during the exponential growth. For maximum biomass harvesting, the culture should be maintained in exponential growth.
To make the use of microalgae for biofuel production to be economically viable, it is necessary to use a low cost method of cultivation and harvesting. Therefore, studies that have used improved culture mediums, pre-treatments to increase the methane production, and algae that require expensive harvesting techniques may have demonstrated high methane yields [1] , but may not be economically viable.
Methane potential of biofilm from Tank 1 and 2
Methane potential assays
Methane production was observed in the three treatments made (Biofilm T1 + cow manure; Biofilm T2 + cow manure; and Biofilm T1 + marine sludge) (see Table 2 , column 2). However, quite high methane production was also observed in the cow manure control. This production was higher than the production observed in the Biofilm T1 + cow manure treatment, and also a little higher than the production in of the bottles from the Biofilm T2 + cow manure treatment. Thus, when correcting the value for the production of the control, the methane potential (MP Nm 3 kg -1 VS) of the treatments with bacteria substrate from cow manure was negative. The second bottle of the Biofilm T2 + cow manure treatment had a production a little higher than in the control, but in average, the methane production was negative (see Table 2 ). Nevertheless, there was high methane production in the Biofilm T1 + marine sludge treatment, with a MP of 0.104 Nm 3 kg -1 VS. The marine sludge seams to be a more stable substrate, and since the methane production in the marine sludge control was low, we could better observe the methane potential of the algal biofilm in this treatment, which was comparable to values of methane production of macroalgae, especially comparing with similar batch experiments (see Table 3 ). The fact that the treatments with biofilm + cow manure produced less methane than in the control, indicates that there should be something inhibiting the process in these treatments, since, even if methane would not have been produced by the digestion of the algal material, it should have, at least, produced the same amount of methane as in the control. We measured the pH in the digestion bottles at the beginning and at the end of the test, since low pH may inhibit the methanogenic process (see Table 4 ). Although the pH in the treatment with marine sludge was a little bit higher than in the other treatments (the seawater, which was present in the marine sludge, has buffer properties, keeping the pH more stable in these treatments), there was no great differences, especially between the treatments with cow manure and its control. Thus, there must have been another factor inhibiting the reactions in those treatments, which has still to be investigated.
However, if we observe that the anaerobic digestion of the algal biofilm from tank 1 produced methane when added to the marine sludge bacteria, we can see that this material has potential for use for methane production, it is only dependent on the type of bacteria substrate that is added to it, and on controlling possible inhibiting factors. It also indicates that the algal biofilm from T2 can have similar potential if mixed with bacteria from marine sludge. One methane bioassay where the algal biofilm from T2 will also be mixed with the marine sludge is scheduled. And afterwards, a further step of the research is to test other different marine substrates, and to improve the test conditions, to test if we can increase the methane production. Biomass yield and methane potential of algal biofilm from tank 1 and 2 Table 5 shows the in situ biomass yield (ash-free dry weight) for the biofilm in tank 1 and 2, and the production of each tank, calculated based on the area of the tank and the biomass yield. [9, 10] ). However, we should consider that this was the biomass yield on a surface (area), and not on volumes (m 3 ) as it is shown for the annual average productivity. Nevertheless, because the tanks have a low biomass yield, the amount of methane that can be produced using directly the tank's biofilm is not very high. Considering the growth rate and biomass yield that can be obtained when growing these algae in PBR, this seems to be a better alternative to produce higher amounts of biomass.
The biofilms growing the WWTP of the EDAR del Sureste, in Gran Canaria, are a free naturally available source of substrate. Nowadays, this biomass is being periodically removed from the tanks and discarded. This available material could be used, if not as a sole source of substrate for biogas production, at least in combination with other material (as the biomass produced in the PBR), since it implicates in no production cost, thus a better use of this material would only be beneficial.
Microalgae have been used in wastewater treatment plants to enhance the removal of nutrients, organic contaminants, heavy metals, and pathogens from the wastewater [6, 15] . Therefore, the use of this biomass means a low cost, environmental friendly process, with the economical and environmental advantages of enhancing the removal of nutrients from wastewater, and producing sustainable biofuel.
CONCLUSIONS
The biofilms naturally growing on the walls of the wastewater treatment tanks of the EDAR del Sureste, in Gran Canaria are formed by a consortium of algae dominated by filamentous cyanobacteria (T1) and chlorophyta (T2). These biofilm can be grown in PBR with a basic culturing medium producing high yields of biomass (higher than the average microalgae biomass yield for tropical regions). Due to the reduced area that the biofilms have to grow in the treatment tanks, the biomass yield that the tanks produce is not very high. Nevertheless, the methane potential of these biofilms is equivalent to those of macroalgae species (0.104 Nm 3 kg -1 VS). Here we have demonstrated that it is possible to grow the filamentous algae present in the biofilms from T1 and T2 in PBR, with low cost, and producing high biomass yields. Thus the growth of the algal biofilm in PBR can be used to as an alternative method to produce biomass. Furthermore, the free available algal biofilm could be used in combination with the biomass produced in PBR for methane production. Therefore, we have shown in this study that microalgae, besides being used in WWTP as a natural agent for nutrient removal, have also the potential of being used as a low cost, green source of biomass for methane production.
